Proteolytic processes often participate in signal transduction across bacterial membranes. In Salmonella enterica serovar Typhimurium, the transcriptional regulator CadC activates genes of lysine decarboxylase system in response to external acidification and exogenous lysine. However, the signaling mechanism of CadC activation remains unexplored. We report here that CadC is located on the inner membrane under normal growth conditions but rapidly cleaved under acid stress conditions, leading to the induction of target gene transcription. As full-length CadC is degraded, the N-terminal fragment containing the DNA-binding domain accumulates in the inner membrane. Moreover, we show that C-terminal truncations of CadC abolish its degradation, resulting in complete loss of activator function. Together, these observations suggest that sitespecific proteolysis at the periplasmic domain of CadC generates a biologically active form of N-terminal DNA-binding domain to promote target gene activation.
The enteric pathogen Salmonella enterica serovar Typhimurium encounters a number of acidic environments during infection of a mammalian host (6, 14, 29) . Acid pH often acts as a signal and triggers changes in gene expression profiles (24, 36) . Acid-sensing protein CadC is a transcriptional regulator that activates the cadBA operon encoding lysine decarboxylase CadA and lysine-cadaverine antiporter CadB, under conditions of low external pH and exogenous lysine (21, 25, 28, 39) . Upon induction of the Cad system, lysine is imported into the cell through CadB and decarboxylated to cadaverine by CadA, contributing to the acid tolerance response (13, 26) .
Comparative sequence analysis predicts that S. enterica serovar Typhimurium CadC may be a membrane-spanning protein with an N-terminal cytoplasmic DNA-binding domain and a C-terminal periplasmic domain (19, 39) , although there has been no direct demonstration for this. The low pH and lysine signal is believed to be sensed directly or indirectly by CadC and transmitted across the membrane (10, 35) . Analysis of the CadC amino acid sequence also predicts it to be a member of the ToxR-like family rather than a member of the two-component system (19, 25) , which is a phospho-relay cascade from the membrane-bound autophosphorylating sensor kinase to its corresponding cytosolic response regulator (4, 41) . CadC, like the Vibrio cholerae ToxR regulator, has no kinase activity. In addition, although their cytoplasmic domains show sequence similarity to the DNA-binding domains of OmpR-like response regulators of two-component systems, they do not contain the phosphoryl-acceptor domain (2, 10, 39) . Thus, the ToxR-like family, including CadC, represents the simplest form of transmembrane signaling system, since the same protein acts as both a signal sensor and response regulator. However, the question of what molecular mechanisms control the activity of CadC, and how CadC reaches its cytoplasmic targets have never been explored.
In a previous study, we reported that transcription of S. enterica serovar Typhimurium cadC is induced by low pH and lysine signal (21) . This observation prompted us to examine whether the CadC protein level corresponds to its mRNA level. Surprisingly, we found that the full-length CadC-HA protein is degraded rapidly to undetectable levels in response to acid stress (pH 5.8, 10 mM lysine). This led to the prediction that S. enterica serovar Typhimurium CadC may be a transmembrane protein that undergoes regulated proteolysis by which it is cleaved and activated from a latent state (11) . To date, only a few examples of proteolytic transmembrane signaling mechanism have been functionally characterized in bacteria (8, 23, 27, 32, 43) . Furthermore, very little is known about this mechanism in bacterial transmembrane activators.
This study was designed to test the hypothesis that the activation of membrane-bound transcriptional regulator CadC is governed by a proteolytic mechanism. We present evidence that regulated proteolysis participates in CadC signal transduction. Our results provide new insights into the mechanism of action of membrane-bound transcriptional activators in bacteria.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. S. enterica serovar Typhimurium UK1 wild-type and ⌬cadC strains have been described previously (9, 21) . Escherichia coli DH5␣ was purchased from Gibco-BRL. The plasmids pGEM-T Easy vector (Promega), pACYC184 (NEB), pMW118 (Nippon Gene), and pBAD24 (16) were used for the construction of expression vectors. Cells were routinely cultured at 37°C in LB complex medium or Vogel and Bonner E minimal medium supplemented with 0.4% glucose (22, 38) . Lysine decarboxylase broth (0.5% peptone, 0.3% yeast extract, 0.1% dextrose, 0.5% L-lysine, and 0.002% bromcresol purple) was used for the lysine decarboxylase (LDC) assay. When required, ampicillin or chloramphenicol was added to the medium to a final concentration of 60 or 30 g per ml, respectively. L-lysine was added to a final concentration of 10 mM.
Plasmid construction. PCR and cloning for plasmid construction were performed by using standard techniques (31) . Restriction enzymes, T4 DNA ligase, and Taq polymerase were purchased from TaKaRa. The primers used in the present study are listed in Table 1 . pACYC184-HA-CadC was constructed by PCR amplification of the cadC gene and its promoter from S. enterica serovar Typhimurium chromosomal DNA using the two primer pairs, PcadC-F/PcadC-R and ORFcadC-F/ORFcadC-R. pACYC184-CadC-HA was constructed in a similar manner using a pair of primers, PcadC-F/CadCHA-R. For the construction of pBAD24-CadC-HA, the promoterless cadC gene was amplified by PCR using the primers, pBADcadC-F/CadCHA-R. Five C-terminal truncated forms of CadC were generated by PCR using the primer pairs PcadC-F/CadC162-R, PcadC-F/CadC183-R, PcadC-F/CadC200-R, PcadC-F/CadC210-R, and PcadC-F/CadC220-R, respectively. Construct integrity was verified by DNA sequencing.
LDC assay. Strains were grown in Moeller LDC broth (Difco) containing the decarboxylase basal medium supplemented with 0.5% L-lysine and bromcresol purple indicator. One or two colonies were inoculated into fresh culture media. Sterile mineral oil was then added, and the culture was incubated for 36 h at 37°C. If the dextrose is fermented, the medium turns yellow initially, then purple as the decarboxylase reaction elevates pH.
Salmonella subcellular fractionation. Subcellular fractionation was performed as described previously (20) with slight modifications. Cells were harvested by centrifugation and resuspended in 800 l of 100 mM Tris-HCl buffer (pH 8.6) containing 500 mM sucrose and 0.5 mM EDTA. Lysozyme (5 l of a 50-mg/ml stock solution) was added, followed immediately by the addition of 3.2 ml of 50 mM Tris-HCl buffer (pH 8.6) containing 250 mM sucrose, 0.25 mM EDTA, and 2.5 mM MgCl 2 . After gentle agitation, the suspension was incubated for 15 min on ice. Cells were collected by centrifugation at 7,000 ϫ g for 10 min. Cells resuspended in 4 ml of 20 mM Tris-HCl (pH 8.6) were lysed by sonication and centrifuged at 7,000 ϫ g at 4°C for 10 min to remove unbroken cells. The supernatant was then centrifuged at 132,000 ϫ g at 4°C for 1 h to separate the soluble fraction and the insoluble cell envelopes. To isolate the outer membrane fraction, total-envelope pellets were suspended in 4 ml of 20 mM Tris-HCl (pH 8.6) containing 1% Sarkosyl, followed by incubation for 30 min on ice. The outer membrane fraction was obtained as a pellet after centrifugation at 132,000 ϫ g at 4°C for 1 h. The pellet was resuspended in 4 ml of 20 mM Tris-HCl buffer (pH 8.6).
Immunoblot analysis. Immunoblotting was performed using standard procedures (31). Samples were resuspended or diluted in sodium dodecyl sulfate (SDS) sample buffer (60 mM Tris-HCl [pH 6.8], 30% glycerol, 2% SDS, 0.1% bromophenol blue, 14.4 mM 2-mercaptoethanol) and boiled for 10 min. Proteins were electrophoresed on a 12 or 14% SDS-polyacrylamide gel and blotted onto nitrocellulose membrane. The blots were probed with mouse monoclonal antibodies against the HA tag (Cell Signaling Technology) or DnaK (Stressgen) or with rabbit polyclonal antibody against OmpW (kindly provided by H. Y. Kang, Pusan National University, Pusan, Korea). Horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit immunoglobulin G (Bio-Rad) was used as the secondary antibody. Proteins were visualized by using enhanced chemiluminescence ECL (Amersham).
RNA preparation and RT-PCR assay. For reverse transcription-PCR (RT-PCR)
, cultured cells were collected and incubated with RNA protect bacteria reagent (Qiagen) and disrupted with lysozyme (1 mg/ml). Total RNA was isolated by using the RNeasy minikit (Qiagen) and treated with DNase I. The quantity and purity of RNA was determined by measuring absorbance at 260 and 280 nm. Total RNA (1 g) was reverse transcribed into cDNA with random primers and amplified by using gene-specific primer sets ( Table 1 ). The reaction was denatured (94°C, 4 min), followed by 18 thermal cycles (94°C for 30 s, 54°C for 30 s, and 72°C for 50 s) and a final extension (72°C for 10 min). Primer pair CadART-F/CadART-R was used to detect the cadA transcript. 16S rRNA was used as a normalization control. Amplified products were separated on a 1.5% agarose gel, stained with ethidium bromide, and visualized.
RESULTS
CadC is located on the inner membrane of S. enterica serovar Typhimurium. It has not yet been determined experimentally whether CadC is a membrane-spanning protein in S. enterica serovar Typhimurium. Therefore, as a first strategy to identify its exact cellular location, the DAS program (Stockholm University) was used to predict CadC transmembrane regions. CadC was predicted to have one transmembrane domain at amino acid residues 163 to 183 (Fig. 1A) . A schematic diagram is shown in Fig. 1B , based on the DAS output and sequence alignment.
We next performed subcellular fractionation analysis to test the DAS prediction. CadC was tagged at its C terminus with a hemagglutinin (HA) epitope and expressed from its own promoter in the low-copy plasmid pACYC184. Introduction of the resulting plasmid, pACYC184-CadC-HA, into the ⌬cadC strain complemented the LDC-negative phenotype, indicating that the HA tag does not affect the activity of CadC (data not shown). Cells grown under normal growth conditions were disrupted by sonication, and then the total cell lysate was fractionated by ultracentrifugation to separate cytosolic and membrane fractions. The inner membrane fraction was released by treatment with the ionic detergent Sarkosyl. The prepared fractions were analyzed by immunoblotting for the presence of CadC protein. DnaK was used as a control since it is known to be always associated with the inner membrane (7). OmpW was used as an outer membrane marker, but the inner 
a Restriction enzyme recognition sequences are underlined, and the HA sequences are in boldface.
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at UNIVERSITAET BERN on August 12, 2008 jb.asm.org membrane fraction by the Sarkosyl method usually contains some outer membrane contamination. As shown in Fig. 1C , the majority of HA-tagged CadC was contained within the inner membrane fraction under nonstress conditions. CadC is rapidly degraded by low pH and lysine signal. We previously showed that after acid stress (pH 5.8, 10 mM lysine) the levels of cadC mRNA increase rapidly (21) . To examine whether the CadC protein level corresponds to its mRNA level, immunoblot analysis was conducted on total protein prepared from the ⌬cadC strain harboring pACYC184-CadC-HA. C-terminally HA-tagged CadC (CadC-HA) was expressed under the control of its own promoter to ensure regulation as observed in wild-type. Cells were grown in E glucose medium to an optical density at 600 nm (OD 600 ) of 0.6 and subjected to acid stress. Samples were taken at various time points and then immunoblotted with anti-HA antibodies. As shown in Fig. 2 , CadC-HA levels decreased rapidly after acid stress, while they remained unchanged in neutral pH. We obtained the same result using the very-low-copy-number plasmid pMW118, a derivative of pSC101 (data not shown). This striking result raised the possibility that proteolytic cleavage could be a molecular mechanism of acid stress-mediated CadC activation.
To further confirm CadC degradation, we constructed a pBAD24 derivative (pBAD24-CadC-HA) that expressed CadC-HA under the control of araBAD promoter, which is strictly regulated by the concentration of extracellular arabinose. Cells harboring pBAD24-CadC-HA were grown in E glucose medium to early log phase (OD 600 of 0.4), and then arabinose was added to induce CadC expression. After 1 h, the cultures were washed to remove remaining arabinose, and growth was continued under nonstress or acid stress conditions. The results in Fig. 3 show that CadC is somewhat stable through the first 20 min under nonstress conditions, but its stability is strongly decreased under stress conditions. This suggests that CadC undergoes posttranslational proteolysis in response to low pH and lysine signal.
Proteolysis of CadC leads to the induction of cadBA operon. The transcriptional induction of the cadBA operon cannot be explained by the mere disappearance of CadC, since CadC is a transcriptional activator of this operon (21) . Thus, we reasoned that CadC degradation would be a major mechanism for target gene regulation. To examine the effects of CadC proteolysis on cadA mRNA synthesis, reverse transcription-PCR (RT-PCR) analysis was conducted on total RNA isolated from the ⌬cadC strain harboring pACYC184-CadC-HA. Cells were grown in E glucose medium to an OD 600 of 0.6 and exposed to acid stress (C) Subcellular localization of HA-tagged CadC. The pACYC184-CadC-HA plasmid was expressed in the ⌬cadC strain. Cells were grown in E glucose medium to an OD 600 of 0.6, and then the total cell lysates were subjected to fractionation as described in Materials and Methods. The fractions were analyzed by immunoblotting with an anti-HA antibody. DnaK and OmpW were used as controls.
FIG. 2.
Acid stress-induced proteolysis of CadC. The ⌬cadC strain harboring pACYC184-CadC-HA (a derivative of pACYC184 carrying the cadC-HA gene under the control of the cadC promoter) was grown in E glucose medium to an OD 600 of 0.6 and then subjected to acid stress (pH 5.8, 10 mM lysine). Samples were taken at the indicated times, and total proteins were analyzed by immunoblotting with anti-HA and anti-DnaK antibodies. DnaK was used as a loading control. The intensities of these bands were normalized to the band at time zero. Three independent experiments were performed for each strain, and the standard deviation is indicated by error bars.
for 60 min before being shifted back to normal growth conditions. Figure 4A shows that CadC degradation occurs strictly in response to acid stress and is coupled to induction of cadA transcription. After a shift from acid stress conditions to normal growth conditions, CadC returned to basal levels and cadA transcription was precluded (Fig. 4B) . These results indicate that the immediate induction of cadA mRNA following stress is correlated with rapid cleavage of CadC.
Full-length CadC disappears and the CadC fragment accumulates in the inner membrane. To determine whether a fragment containing the cytoplasmic domain of CadC is produced by proteolytic cleavage, a similar analysis was carried out with the N-terminally HA-tagged CadC (HA-CadC). As expected, the N-terminal CadC fragment was shown to accumulate as the full-length CadC disappeared (Fig. 5A) . The observed CadC fragment was slightly larger than the expected size of the cytoplasmic domain, implying that it contains the transmembrane domain as well as the cytoplasmic domain. We therefore performed subcellular fractionation analysis after 60 min of acid stress to determine the location of the N-terminal CadC fragment. Figure 5B shows that the CadC fragment is present in the inner membrane fraction only, indicating that the Nterminal cytoplasmic domain is not released from the membrane. Importantly, CadC fragment accumulated to levels greater than those of the preexisting full-length CadC, indicating that CadC protein expression is also induced by acid stress similarly to mRNA expression. To further determine the approximate site of proteolytic cleavage, we constructed three C-terminal truncations of HA-CadC ending at residues 200, 210, and 220. Their electrophoretic mobility was compared to the mobility of the native N-terminal CadC fragment after 60 min of acid stress. As shown in Fig. 5C , HA-CadC210 (residues 1 to 210) nearly comigrated with the native cleavage product, indicating that CadC undergoes proteolytic cleavage in the vicinity of residue 210, which is 27 amino acids distal to the periplasmic end of the predicted transmembrane segment. These results suggest that CadC indeed undergoes proteolytic cleavage to generate a biologically active form of N-terminal DNA-binding domain, which binds to the target gene promoter.
C-terminal truncations of CadC abolish its proteolytic activation. To test the importance of the periplasmic domain for CadC degradation, we constructed two additional C-terminally truncated versions of CadC with an N-terminal HA tag. HACadC183 (residues 1 to 183) lacks the entire C-terminal periplasmic domain. HA-CadC162 (residues 1 to 162) lacks both the periplasmic and the transmembrane domains. As shown in Fig. 6A , C-terminal truncations were not degraded and accumulated following acid stress. In addition, HACadC183 clearly migrated faster than the native N-terminal CadC fragment in SDS-gels (data not shown), as can be expected from Fig. 5C . To determine whether the periplasmic portion of the native N-terminal CadC fragment is indispensable for its transcriptional activator function, we performed LDC assay using these two C-terminal truncations. In contrast to full-length CadC, both HA-CadC183 and HA-CadC162 cannot complement the LDC-negative phenotype of the cadC knockout strain (Fig. 6B) , indicating functional inactivation of these truncated proteins. Together, these findings suggest that site-specific proteolysis at the periplasmic domain of CadC generates a transmembrane signal that switches on the expression of the cadBA operon. The ⌬cadC strain harboring pBAD24-CadC-HA (a derivative of pBAD24 carrying the cadC-HA gene under the control of the inducible araBAD promoter) was grown in E glucose medium to an OD 600 of 0.4 and then induced with arabinose (5 mM). After 1 h, the medium was removed and replaced with fresh, arabinose-free medium. Subsequently, the culture was divided, and one portion was subjected to acid stress at time zero. Samples were taken at the indicated times, and total proteins were analyzed by immunoblotting with anti-HA and anti-DnaK antibodies. A representative data set is shown .   FIG. 4 . CadC degradation is coupled to transcriptional induction of cadA. (A) Immunoblot (IB) analysis of acid stress-induced CadC degradation in the ⌬cadC strain harboring pACYC184-CadC-HA. Cells were grown in E glucose medium to an OD 600 of 0.6, followed by acid stress. After 60 min of incubation, the cells were shifted from acid stress conditions to normal growth conditions. DnaK was used as a loading control. (B) RT-PCR analysis of cadA transcriptional induction following acid stress. Total RNA was extracted from the same samples described in panel A. 16S rRNA was used as a loading control.
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DISCUSSION
The central finding of our study is that a membrane-bound transcriptional regulator CadC is activated by proteolytic cleavage in S. enterica serovar Typhimurium. Although the Cad system is relatively well studied in enteric bacteria (21, 25, 28, 39) , the molecular mechanisms governing the activation of CadC have thus far remained unknown. The present study implicates a proteolytic mechanism in CadC signal transduction, demonstrating that, upon acid stress, the N-terminal CadC fragment that contains the DNA-binding domain is produced by proteolytic cleavage and thereby functions as a transcriptional activator of cadBA operon.
We have noted that the full-length CadC-HA level does not correlate with its mRNA expression upon acid stress (Fig. 2) . To our knowledge, protein levels often correlate poorly or not at all with mRNA expression due to posttranscriptional or posttranslational regulation, and it is thus insufficient to predict protein levels from mRNA transcript levels (17) . Therefore, we reasoned that acid stress-induced proteolysis of CadC might be a posttranslational control mechanism for activating membrane-bound CadC because the induction of cadA transcription is accompanied by proteolysis of CadC (Fig. 4) .
In recent years, a pivotal role for proteolysis in signal transduction has been reported (11, 37) . The data presented here, however, show that S. enterica serovar Typhimurium CadC is activated by a proteolytic mechanism distinct from those described previously (8, 23, 27, 32, 43) . Staphylococcal resistance to ␤-lactam antibiotics is known to be regulated by a transmembrane signal transmitted by sequential proteolytic events. After ␤-lactam antibiotic binding to the transmembrane sensor-transducer BlaR1, the cytoplasmic transducer domain which contains zinc metalloprotease sequences is proteolytically removed from the membrane and then cleaves the BlaI repressor, allowing transcription of the ␤-lactamase gene (1, 43) . In addition, transmembrane dormant transcription factors can also be cleaved within the transmembrane segment to release cytoplasmic fragments from the membrane. This mechanism, termed regulated intramembrane proteolysis (RIP), is an activation strategy that enables rapid transcriptional responses to an incoming signal (18, 40) . RIP was found to function in a wide range of organisms from bacteria to humans and was shown to control diverse cellular functions (5). However, most studies of bacterial RIP have concentrated on the activation of alternative factors (8, 27, 32) , and very little is known about other bacterial transcriptional activators regulated via the RIP mechanism.
One recently characterized example is TcpP, a membranelocalized virulence activator in V. cholerae. In contrast to the common RIP mechanism that controls transcription in a positive fashion, however, TcpP is degraded by the RIP protease YaeL when it is not needed for virulence gene activation (3, 23) . Thus, the biological role of TcpP degradation is fundamentally different from that of CadC degradation. Moreover, we discovered that the N-terminal CadC fragment remains localized to the inner membrane after proteolytic cleavage. In many of the known eukaryotic RIP, the cytoplasmic domain of the membrane-bound transcription factor is liberated from the membrane and enters the nucleus to regulate gene transcription (30, 34, 42) . Thus, the proteolytic transmembrane signal- FIG. 5 . N-terminal fragment accumulates in the inner membrane during the degradation of CadC. (A) pACYC184-HA-CadC, encoding a CadC derivative with an N-terminal HA tag (HA-CadC), was expressed under the control of the cadC promoter in the ⌬cadC strain. Cells were grown and processed as in Fig. 2. (B) Subcellular localization of the N-terminal CadC fragment after 60 min of acid stress. Cells were grown in E glucose medium at 37°C to an OD 600 of 0.6 and subjected to acid stress for 60 min prior to fractionation. Total cell lysates were then fractionated as described in Materials and Methods. (C) Comparison of the electrophoretic migration of the indicated proteins in SDS-polyacrylamide gel. C-terminal truncations HACadC200 (residues 1 to 200), HA-CadC210 (residues 1 to 210), and HA-CadC220 (residues 1 to 220) were constructed by inserting a stop codon downstream of the last desired amino acid codon.
ing of CadC appears to differ from that in eukaryotic transcription factors. This may be because bacterial chromosomal DNA is highly dynamic and not contained within a cell nucleus (15, 33) ; therefore, there is no essential requirement for release from the membrane because the cytoplasmic domain is unhindered in its access to target gene promoters.
One possible explanation for our results is that CadC signal transduction may be mediated by proteolysis-induced conformational changes in the cytoplasmic DNA-binding domain. Although HA-CadC183 and HA-CadC162 contain the DNAbinding domain, they have no transcriptional regulatory activity (Fig. 6) . Therefore, we can speculate that these C-terminal truncations may remove residues critical for inducing and maintaining the functional conformation of the DNA-binding domain. Importantly, it has been demonstrated that in the bacterial chemosensory system, ligand-binding to the external domain of the transmembrane chemoreceptor induces a conformational change in the cytoplasmic domain (12) . Thus, it will be interesting to determine whether proteolytic cleavage at the periplasmic domain of CadC generates a conformational signal that modulates its DNA-binding activity.
In summary, the principal contribution of the present study is the discovery of a novel type of proteolytic transmembrane signaling pathway in S. enterica serovar Typhimurium. Future studies including the identification of the protease(s) responsible for CadC proteolysis will further expand the knowledge of proteolysis-mediated activation of membrane-bound transcriptional regulators in the bacterial cell. 
